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1Department of Chemistry, University of Kentucky, Lexington, Kentucky; and 2Fachbereich fu¨r Physik, Freie Universita¨t Berlin, Berlin, GermanyABSTRACT Transport processes within biological polymer networks, including mucus and the extracellular matrix, play an
important role in the human body, where they serve as a filter for the exchange of molecules and nanoparticles. Such polymer
networks are complex and heterogeneous hydrogel environments that regulate diffusive processes through finely tuned particle-
network interactions. In this work, we present experimental and theoretical studies to examine the role of electrostatics on the
basic mechanisms governing the diffusion of charged probe molecules inside model polymer networks. Translational diffusion
coefficients are determined by fluorescence correlation spectroscopy measurements for probe molecules in uncharged as well
as cationic and anionic polymer solutions. We show that particle transport in the charged hydrogels is highly asymmetric, with
diffusion slowed down much more by electrostatic attraction than by repulsion, and that the filtering capability of the gel is sen-
sitive to the solution ionic strength. Brownian dynamics simulations of a simple model are used to examine key parameters,
including interaction strength and interaction range within the model networks. Simulations, which are in quantitative agreement
with our experiments, reveal the charge asymmetry to be due to the sticking of particles at the vertices of the oppositely charged
polymer networks.INTRODUCTIONTo reach specific loci in target cells, molecules of interest
must traverse complex surroundings consisting of a
crowded, interacting environment of biomacromolecules.
Molecule diffusion through biological gels such as the cyto-
plasm, mucus, nuclear pore complex, or the extracellular
matrix (ECM) is dictated by the local environment and crit-
ical for proper functioning of cell processes (1–5). Due to
their importance as protective barriers against viruses, bac-
teria, and toxic agents, there has been substantial research in
recent years to obtain a better understanding of the transport
processes governing the diffusion and penetration of parti-
cles through biogels. Although free diffusion of molecules
is well understood physically, how the biomacromolecules
in these crowded environments affect the mobility and trans-
port of nanometer-sized particles is a key aspect of biology
that is not yet fully understood.
The diffusion of nanoparticles in polymer gels has been
studied extensively both experimentally and theoretically.
Typically for biological applications, the range of interest
is when the particle size is on the order of the gel correlation
length or mesh size, x. From steric arguments alone, one
would anticipate that as nanoparticle size approaches x,
the transport of the molecule through the gel will be in-
hibited, resulting in size filtering; i.e., large particles move
more slowly (6). However, recent studies have shown that
movement of particles in biogels, including the extracellularSubmitted October 3, 2014, and accepted for publicationDecember 8, 2014.
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0006-3495/15/02/0530/10 $2.00matrix and nuclear pore complex, can depend on the charge
and size of the particles as well as the properties of the
network (4,5,7–10). There is growing evidence that more
complex interactions between the diffusing particle and
the polymer matrix result in a more intricate selection pro-
cess called interaction filtering, which allows some particles
to pass through the network and others to be kept out (8–13).
For instance, a recent study found that 100-nm-sized coated
polystyrene beads were much more strongly immobilized
inside undilated human mucus than were 200- and 500-nm
polystyrene beads with the same coating (14). This directly
contradicts the idea that the finite mesh size of cross-linked
hydrogels is solely responsible for hindered diffusion in
bionetworks.
Particle-gel interactions in vivo may include many spe-
cific and nonspecific interactions, such as electrostatics, hy-
drophobic interactions, and chemical binding (13–15). To
gain insight into these complex interactions, it is instructive
to examine transport properties within simpler model sys-
tems such as water-soluble polymer networks. Although
most experimental methods do not allow for the direct mea-
surement of diffusion coefficients in turbid media, it has
been shown that fluorescence correlation spectroscopy
(FCS) effectively measures the dynamic processes of small
molecules in polymeric systems, hydrogels, and tissues
(6,16–23). In FCS, the diffusion coefficient, D, of fluores-
cent particles is calculated from the autocorrelation of the
recorded intensity fluctuations through a defined illumina-
tion volume. Some of the advantages of FCS over alternative
methods are that only a small illumination volume (~fL) and
low concentrations of fluorescence particles, typicallyhttp://dx.doi.org/10.1016/j.bpj.2014.12.009
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interactions.
Although free diffusion of particles and the effect of steric
and hydrodynamic interactions between particle and gel are
reasonably predicted theoretically, electrostatic effects on
diffusion of charged particles in charged gels are still poorly
understood. There have been a number of different attempts
at devising a useful simulation model consisting of a cubic
and periodic environment suitable for Brownian dynamics
(BD) simulations (12,24–28). Early work focused on steric
effects (24,25,28), whereas more recent studies have
begun to include some form of electrostatic interaction
(12,26,27). The aimof suchmodels is to approximate the spe-
cific interaction inside a real hydrogel in amanner that can be
readily implemented in simulations and is of reasonable
computational cost. The need for such models is driven by
experimental results that suggest that particle-matrix interac-
tions other than steric effects aremost influential on the diffu-
sivity of particles inside biological hydrogels. These
interactions seem to be of an electrostatic nature, since the
mobility is highly dependent on the particle surface charge
(4,9,10,14,15,29,30) and the salt concentration (8–10,31,32).
We report here on biophysical studies performed to better
understand the importance of electrostatics on particle trans-
port properties in a reconstituted model hydrogel system
that allows us to modulate the range and sign of the charge
interactions. FCS experiments are performed to determine
the translational diffusion coefficients (D) of a charged
probe molecule (Alexa488, 2 charge at near neutral pH)
in uncharged and charged polymer solutions. Both positive
and negative polymer networks are used to compare the ef-
fects of attractive and repulsive charge interactions. We find
that particle transport through hydrogels is highly charge-
asymmetric. Repulsive charge interactions are not effective,
whereas attractive probe-gel interactions are very effective
in significantly hindering particle diffusion through the
gel. Addition of salt increases particle diffusivity and for
large salt concentrations renders the diffusivity the same
as in a corresponding neutral polymer network, demon-
strating the importance of electrostatic interactions, in
agreement with biological findings in mucus (33,34) and
the nuclear pore complex (4,5). The salt concentration range
where these interactions are screened occurs at a character-
istic crossover salt concentration, indicating the potential of
salt to function as a gating switch in these hydrogel systems.
To better the understanding of nanoparticle diffusion in
charged biomacromolecular gels, a simple theoretical model
is proposed that approximates a real polymer network as a
cubic and periodic lattice of connected polymer chains.
This cubic lattice is comprised of rigid, straight chains
that interact either attractively or repulsively with the
diffusing particle. BD simulations were implemented for
spherical tracer particles to understand the key factors influ-
encing the diffusivity of the particles inside the polymer
network. Using BD simulations, we examined the depen-dence of particle diffusion on short-range screened electro-
static interactions, mesh size, and particle size within the
hydrogels. Simulation outcomes are in quantitative agree-
ment with our experimental results of diffusion of charged
probe molecules within charged networks. To our knowl-
edge, this is the first work showing quantitative comparison
between measurements and theory of these asymmetric
charge effects. Both theory and experiments show that probe
transport within charged hydrogels is governed by both the
sign of the interaction potential and the ionic strength. The
significant decrease in diffusion for attractive charge inter-
actions is revealed by BD simulations to be due to the
charged particles sticking at the vertices of the oppositely
charged matrix polymer network.MATERIALS AND METHODS
Materials
Polyethylene glycol (PEG) (20 kDa mol wt), dextran (15-25 kDa mol wt),
dextran (500 kDa mol wt), carboxymethyl-dextran (CM-dextran(), 15–
20 kDa mol wt), and diethylaminoethyl-dextran (DEAE-dextran(þ),
500 kDa mol wt) were purchased from Sigma Aldrich (St. Louis, MO).
CM-dextran is negatively charged, whereas DEAE dextran is positively
charged and pure dextran is charge-neutral.Avariety ofwater-soluble fluores-
cent probemoleculeswere purchased for FCSmeasurements. Rhodamine110
(R110) (absorbance/emission (Abs/Em) maxima, 496/520 nm) was pur-
chased from Fisher Scientific (Waltham, MA). Rhodamine 6G (R6G) (Abs/
Em maxima, 530/556 nm) was purchased from Sigma Aldrich. Alexa Fluor
488 succinimidyl ester dye (Alexa488) (Abs/Em maxima, 495/519 nm) and
the fluorescent protein R-phycoerytherin (Abs/Em maxima, 546/578 nm)
were purchased from Invitrogen (Carlsbad, CA). All of the fluorescent probe
molecules were used without further purification.Preparation of PEG and dextran solutions
PEG and dextran (neutral dextran, CM-dextran(), and DEAE-dextran(þ))
stock solutions of 10% w/v were prepared by weighing out the appropriate
amount of polymer powder as received, dissolving inmilli-Qwater (Millipore,
Billerica, MA), and mixing thoroughly. These solutions were subsequently
dialyzedovernight against a large excess ofmilli-Qwater to remove additional
salts. After dialysis, solutions were lyophilized back to dry powder. The dia-
lyzed polymers were subsequently dissolved at 10% w/v in MES buffer
(10mM, pH 6.4), stirred thoroughly, and incubated at room temperature over-
night. Subsequent dilutionswithMESweremade from the stock solutions, re-
sulting in final concentrations of 1–8% w/v polymer solutions. All polymer
solutions were allowed to incubate for 1 day before use.
For FCS experiments, fluorescent probe molecules were prepared and
mixed with polymer (PEG or dextran) solutions to achieve a final probe
concentration of ~5–10 nM. Samples of probe molecules in polymer solu-
tions were mixed thoroughly then incubated at room temperature for >6 h
to ensure uniform dispersion of the probe molecules through the sample.
From each solution, 500 mL of sample was loaded into NUNC LabTek 8-
well microscopy chambers (Nalge Nunc, Penfield, NY) and measured
directly by FCS at room temperature.FCS setup
FCS experiments were made using a commercial ISS Alba confocal fluores-
cence fluctuation system coupled to a Nikon Ti-U microscope equipped
with a 60/1.2 NA water-immersion objective lens. The illuminationBiophysical Journal 108(3) 530–539
532 Zhang et al.source was a continuous-wave 488 nm laser diode passed through a 514-nm
long-pass edge filter before detection. Emission signal was recorded by two
separate photomultiplier tubes (PMTs). All FCS measurements were per-
formed in NUNC LabTek 8-well microscopy chambers (Nalge Nunc)
with a final volume of ~500 mL. Determination of the focal volume was es-
tablished via calibration against an aqueous solution of rhodamine 110
(D ¼ 440 mm2 s1) (35). FCS results are an average of at least 20 measure-
ments, taken at various positions within the polymer solutions to ensure ho-
mogeneity, with typical sampling times of 30 s. All results are expressed as
the mean5 SD of the measured diffusion coefficient. FCS measurements
were analyzed using VistaVision 4.0 software (VWR, Radnor, PA).FCS data analysis
As the basic principles of FCS have been described in detail elsewhere
(36,37), we give only a brief overview here. FCS measures the fluorescence
fluctuations emitted from labeled molecules moving in and out of a small
confocal volume (~1 fL). The size of the effective illumination volume is
fixed by the confocal detection optics and the excitation profile of the
focused laser beam and characterized by measurements against a standard
of a known diffusion constant. For ideal particles of uniform size diffusing
by Brownian motion, dynamic information can be determined from the in-
tensity fluctuations by means of a time autocorrelation given by
GðtÞ ¼ 1
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Here, N is the average number of particles in the illumination volume and
the structure parameters r0 and z0 are the axial and radial dimensions of theexcitation beam determined by calibration measurements against a known
standard. The autocorrelation can then be normalized by
GNormðtÞ ¼ GðtÞ
Gð0Þ: (2)
The diffusion time, tD, is related to the translational diffusion coefficient D
by the simple relationshiptD ¼ r
2
0
4D
; (3)
where D denotes the translational diffusion coefficient of the molecules in
solution and is calculated from the lateral dimensions of the focused inci-
dent beam and the experimentally determined tD. For spherical particles,
the diffusion coefficient D follows from the hydrodynamic radius, rh, in so-
lution and can be calculated by the Stokes-Einstein relationD¼ kBT/6phrh,
where kB is the Boltzman constant, T is the temperature, and h is the viscos-
ity of the medium.FIGURE 1 Simulation unit cells including 2000 particle-position snap-
shots obtained during one simulation run at an attractive interaction poten-
tial with strength U0 ¼ 5kBT (left) and a repulsive interaction potential
with strength U0 ¼ 5kBT (right). In both cases, the interaction range is
set to k ¼ 0.3b and the effective particle diameter is p ¼ 0.1b. The length
b denotes the box size. To see this figure in color, go online.BD simulations
In a BD simulation, the randomwalk of a diffusing particle follows from the
Langevin equation
_riðtÞ ¼ moViUð~rðtÞÞ þ ziðtÞ; ði ¼ x; y; zÞ (4)
where _ri,Vi, and zi are the time derivative of the particle position, the spatial
derivative, and a random velocity, respectively, in the i-direction. U is the
potential, t the time, and mo the bulk sphere mobility. The random velocity,
zi, is a stochastic variable, modeled with Gaussian white noise to simulate
the random collisions of the particle with solvent molecules:
hziðtÞi ¼ 0; (5)Biophysical Journal 108(3) 530–539
z ðtÞz ðt0Þ ¼ 2m kBTdðt  t0Þdij: (6)i j 0
In a BD simulation, the Langevin equation is evaluated stepwise to
create the diffusive motion of the particle inside the model system. At every
time step, the forces acting on the particle are calculated, and a Gaussian-
distributed random displacement is added.
A simple cubic lattice comprised of polymer chains is used to model a
cross-linked hydrogel. Fig. 1 shows a unit cell of the lattice, including par-
ticle distributions for attractive (Fig. 1, left) and repulsive electrostatic
(Fig. 1, right) interactions. Here, the rods of the lattice represent the poly-
mer chains and the size of a single cell (b, for box size) corresponds to the
average mesh size of the hydrogel. The symmetry of the system allows for
the usage of periodic boundary conditions. The diffusing particle experi-
ences a total potential
U ¼
XM
i¼ 1

Uei þ Usi

; (7)
where superscripts e and s denote electrostatic and steric interactions,
respectively. The index i denotes the contributions to the total potential
by the individual rods. For computational efficiency, the summation is
limited to a suitably chosen finite number of M nearest-neighbor rods.
The steric effect is included in the form of a truncated and shifted Len-
nard-Jones (LJ) potential similar to the one used by Zhou and Chen (27):
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UsðRÞ ¼ 0; R>Rc; (9)
where the energy depth is e ¼ 1 kBT (z4.1 1021 J at 25C), p is the par-
ticle diameter, and R is the distance between the particle center and the rod.
The potential is shifted such that it is positive and continuously reaches zero
at the cutoff distance Rc ¼ 25/6 p, which corresponds to the value of R at
which the LJ potential has its minimum.
To include the electrostatic interaction between a diffusing particle and a
polymer chain, an exponential interaction potential is used:
UeðRÞ ¼ U0exp
R
k
	
; (10)
where R is the radial distance between the particle and the rod, k is the range
of the potential, and U0 is the potential strength. The potential only acts
FIGURE 2 Scaled diffusion coefficients of various probe molecules as a
function of PEG concentration. Solid lines are fits of the data with the
stretched exponential D ¼ D0exp(acn), where a and n are fitting param-
eters. Values of the parameters (see Table 1) are consistent with previously
measured values in poly(vinyl alcohol). To see this figure in color, go
online.
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interact with each other. For negative U0, the potential is attractive, and
for positive U0, it is repulsive. A simple exponential potential has been
chosen in a generic form to represent a short-range interaction, where the
range, k, can be understood as the Debye screening length of the potential,
given by
k2 ¼ ee0kBT
2e2I
; (11)
where e is the elementary charge and I ¼ 1=2Pjnjz2j is the ionic strength, z
is the valence of the salt ions, and n is their bulk number densities. The
strength of the potential,U0, scaled with kBT, can be interpreted as the prod-
uct of the particle charge and polymer charge density. It is important to note
the relative units of the variables. All spatial variables will be given in units
of b, i.e., relative to the box size. Hydrodynamic effects are disregarded.
Furthermore, the model is designed as a strong simplification of the realistic
scenario of particle diffusion in hydrogels, with a focus on electrostatic
interaction between hydrogel and particle.
In the long-time limit, the mean-square displacement (MSD) of the par-
ticle becomes proportional to the time
limt/N
ðrðtÞ  rð0ÞÞ2 ¼ 6Dt: (12)
The diffusivity, D, of the particle is obtained by linearly fitting the MSD in
the long-time limit, where it approaches a constant value. The diffusivity in
the absence of interactions is D0, i.e., the free diffusion coefficient in water,
which follows from the Einstein equation D0 ¼ m0kBT. Most of the simula-
tion results focus on the relative diffusivityD/D0 to show howmuch the par-
ticle diffusion is inhibited inside the hydrogel. Values of the relative
diffusivity lie in the interval 0% D/D0% 1, where D/D0 ¼ 0 corresponds
to complete immobilization of the particle and D/D0 ¼ 1 to free diffusion.RESULTS AND DISCUSSION
Probe diffusion in uncharged polymer solutions
To disentangle steric and electrostatic effects, we first inves-
tigated the diffusion of a variety of small fluorescent probe
molecules and the larger fluorescent protein R-phycoery-
thrin in uncharged PEG solutions. Fig. 2 shows the scaled
translational diffusion coefficients (D/D0) as determined
by FCS for three similar-sized probe molecules (Rh110,
Rh6G, and Alexa488) and R-phycoerythrin as a function
of PEG polymer concentration (0–8% w/v). D0 is the trans-
lation diffusion coefficient of each molecule in buffered wa-
ter without polymer as determined by FCS. FCS
autocorrelation curves show an increase in the characteristic
diffusion times of these probe molecules with increasing
PEG concentration. All autocorrelation curves are well
described by a single-component fit, allowing for the extrac-
tion of N and tD from Eqs. 1 and 3. Translation diffusion co-
efficients (D) can be calculated from the autocorrelation
curves using Eq. 3. Using the Stokes-Einstein relationship,
we obtain hydrodynamic radii of rH ~ 0.6 nm for each of
the fluorescent dyes and rH ~ 5.6 nm for the phycoerythrin
protein in water, consistent with published data (18). FCS
is also very sensitive to aggregation. No signs of large aggre-
gates or decrease in the number of molecules are observed,
suggesting that probes freely diffuse within the polymer net-works. Similar results are observed in uncharged dextran so-
lutions, indicating that these probe molecules do not interact
(e.g., immobilization, aggregation, or photobleaching)
significantly with the sugar backbones of the dextran
network.
Several different physical models based on hydrodynamic
interactions have been used in recent years to model probe
diffusion in uncharged networks (38–44). These theories
posit that hydrodynamic and steric interactions are the
dominant force determining particle transport in the gels.
Despite developing from different physical mechanisms,
most models derive equations to describe probe diffusion
that can be expressed in the form of a stretched exponential.
The solid lines in Fig. 2 depict best fits to the data using D¼
D0 exp(acn), where D0 is the probe diffusion coefficient in
pure solvent, c is the polymer concentration, and a and n are
constants dependent on the probe-gel system. Typically, n
reflects the polymer solvent quality and a is dependent on
other relevant system parameters (such as probe radius, mo-
lecular mass, etc.) contingent on the specific model.
Measured a and n values are listed in Table 1 and are in
good agreement with previously published data of probe
molecule diffusion in poly(vinyl alcohol) solutions (18).
All n values are in the range 0.68–0.88, where n ¼ 0.75
has been suggested to correspond to water being a good sol-
vent for the polymer (40). Values of a range from ~0.2 for
the rhodamine and Alexa probe molecules to ~0.5 for the
larger phycoerythrin in PEG. Similar values of a and n
are obtained in uncharged dextran solutions.Biophysical Journal 108(3) 530–539
TABLE 1 Exponent and prefactor values determined from
best fits of D ¼ D0exp(acn) to data
Probe a n
R110 0.20 0.80
R6G 0.17 0.83
Alexa488 0.26 0.65
R-Phycoerythrin 0.48 0.88
Fitting data are from Fig. 2.
FIGURE 3 (A) Representative plots of normalized FCS autocorrelation
curves of Alexa488 NHS ester (net charge 2) in 10 mM MES buffer,
pH 6.4, and 1, 3, and 5 wt % dextran() solutions. (B) Normalized FCS
autocorrelation curves for Alexa488 NHS ester in 10 mM MES buffer,
pH 6.4, and 1, 3, and 5 wt % dextran(þ) solutions. In both A and B, solid
lines represent fits to the experimental data by Eq. 2. To see this figure in
color, go online.
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To examine the role of electrostatic interactions on nanopar-
ticle transport in polymer networks, we next used FCS to
determine probe translational diffusion coefficients within
charged dextran solutions. Here, we focus on one probe
molecule, Alexa488, which has a net charge of2 at neutral
pH. We looked at diffusion of Alexa488 in CM-dextran()
(molecular mass ~20 kDa) and DEAE-dextran(þ) (molecu-
lar mass ~500 kDa). We use the notation dextran() and
dextran(þ) from here on to more easily distinguish the
network charge in these systems. Dextran() has approxi-
mately one negative charge per five glucoses, whereas
dextran(þ) has approximately one amine group per three
glucoses. These two dextrans had very different molecular
mass, so for comparison, we also examined the probe diffu-
sion in both 20 kDa and 500 kDa uncharged dextran solu-
tions (dextran20 and dextran500, respectively). To ensure
that Alexa488 was uniformly distributed throughout the
dextran solution, FCS measurements were performed at
various spots within the solution and averaged.
Normalized autocorrelation functions of the negatively
charged Alexa488 in solutions of dextran() and dextran
(þ) as a function of polymer concentration are shown in
Fig. 3, A and B, respectively. Fig. 3 A reveals that in gels
with the same charge as the probe molecule, the character-
istic diffusion time, tD, of Alexa488 increases only weakly
with increasing dextran() concentration. Translation diffu-
sion coefficients, D, as determined from Eq. 3, are plotted in
Fig. 4 for dextran () from 0 to 8 wt % dextran. As can be
seen, the measured diffusion coefficients in dextran() are
nearly the same asD observed in uncharged dextran of com-
parable molecular mass (dextran20). In comparison, Fig. 3 B
shows the normalized correlation functions measured by
FCS for the negatively charged Alexa488 probe in
dextran(þ). Here, we see large shifts in the characteristic
diffusion time, tD, that are highly dependent on the
dextran(þ) weight percentage. The largest shift in the char-
acteristic diffusion time, or, equivalently, the largest
decrease in the translation diffusion coefficient, D, is
observed between the no-polymer-network state (or 0 wt
% dextran) and 1 wt % dextran(þ). Increasing the
dextran(þ) concentration further resulted in an observed
decrease in t or, equivalently, an increase in the apparent
D. This decrease in t is likely due to a higher counterion
concentration adding to the ionic strength of the solutionBiophysical Journal 108(3) 530–539in the higher-weight-fraction dextran(þ) networks. Fig. 4
shows the measured translational diffusion coefficients for
both dextran(þ) and the comparable neutral-molecular-
mass dextran (dextran500).
We anticipated that our negative Alexa probe would be
slowed in neutral dextrans with increasing weight percent
due primarily to steric interactions. With the introduction
of electrostatics, we expected repulsive interactions (i.e.,
negative probe in negative gel) to slow the probe down
FIGURE 4 Translational diffusion coefficients (D) of Alexa Fluor 488
NHS ester as a function of dextran concentrations obtained from the auto-
correlation curves measured by FCS. Negatively charged CM-dextran and
positively charged DEAE-dextran solutions were compared directly to
neutral dextrans of comparable molecular mass (20 kDa and 500 kDa,
respectively). Significant changes were observed only for the negatively
charged probe in positively charged dextran solutions. To see this figure
in color, go online.
FIGURE 5 Influence of added NaCl salt on translational diffusion coef-
ficient D determined by FCS of negatively charged Alexa488 probe mole-
cule in 1 wt % neutral and charged dextran solutions as a function of added
NaCl salt concentration. Significant salt screening of the hindered diffusion
of Alexa488 in dextran(þ) is observed above ~125 mM NaCl. To see this
figure in color, go online.
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whereas attractive interactions (negative probe in positively
charged gel) would hinder the probe transport the most
because the probe would stick to the gel. Instead, as shown
in Fig. 4, Alexa488 diffusion in dextran20 is nearly identical
to that in dextran(), both ~20 kDa mol wt polymers, and
diffusion in both is comparable to that in dextran500. How-
ever, attractive interactions severely reduce probe transport.
Comparing dextran500 and dextran(þ), we see significant
decreases in the Alexa488 transport through the oppositely
charged dextran polymer network due to electrostatics
alone.Salt effects on probe-network interactions
Next, we investigated the effect of added NaCl salt concen-
tration on the electrostatic interactions between the probe
and the network. Any electrostatic effects would be ex-
pected to have a strong salt dependence due to the Debye
screening of the electrostatic interactions. Plotted in Fig. 5
are the diffusion coefficients, D, for Alexa488 probe mole-
cules in 1 wt % charged and uncharged dextran solutions as
a function of added NaCl salt concentration. Diffusion of
Alexa488 in 1 wt % dextran500, dextran20 (not shown),
and dextran () solutions is essentially unaffected by added
salt. Electrostatic interactions between probe and polymer
solutions are not critical for these systems. In contrast, themeasured translational diffusion of negatively charged
Alexa488 in dextran(þ) was highly sensitive to added salt.
With added salt, D is observed to increase greatly, reaching
a plateau consistent with that for other dextran solutions, af-
ter which D is found to be independent of further added salt.
From Fig. 5, we see that the attractive electrostatic interac-
tions between the negatively charged Alexa probe and the
positively charged DEAE-dextran can be effectively
screened out at ~125 mM added NaCl concentration. This
salt range appears to be a characteristic crossover salt con-
centration, suggesting that the system is near instability,
and may function as a gating switch with ionic strength
changes.BD simulations of attractive and repulsive probe-
network interactions
The dependency of the relative diffusion coefficients, D/D0,
on the potential strength, U0, is presented in Fig. 6 for par-
ticles of diameter p ¼ 0.1 b at different interaction ranges k,
indicated by differently colored curves. Curves are shown
for a range 20 kBT% U0%20 kBT. They show small rela-
tive diffusivities near zero at U0¼ 20 kBT up to a value of
D/D0 ~ 1 at U0¼ 0, which implies free diffusion, as would
be expected for small particles at zero potential strength.
From there, the relative diffusivity decreases again for
increasing U0.
In the attractive regime (i.e., at negative U0) the relative
diffusivity changes considerably, even for small variationsBiophysical Journal 108(3) 530–539
FIGURE 6 The relative diffusivity D/D0 plotted over the potential
strength U0 at different ranges, k, for a particle of diameter p ¼ 0.1b. The
points are from BD simulation data. The lines are included to guide the
eye. To see this figure in color, go online.
536 Zhang et al.of51 kBT in potential strength. This is due to a strong po-
tential minimum at the intersections of the rods, where the
contributions of the three intersecting rods add up. If the
particle diffuses into such a quite localized minimum, it
will have a strong tendency to remain there. This effect
will henceforth be referred to as sticking. While the particle
is diffusing through the polymer network, it tends to move
from corner to corner, having to overcome a relatively large
potential barrier between adjacent potential minima.
In the repulsive regime (i.e., at positiveU0), a trapping ef-
fect occurs, where the particles tend to be pushed into the
potential minimum in the center of the box. The particle
can still move between adjacent cells through the sides of
the simulation box, which does not pose a strong potential
barrier, due to the finite range, k, of the repulsive interaction.
In other words, the particle has room to avoid the repulsive
polymer chains while moving between adjacent cells.
Hence, due to stronger confinement of the particle, the stick-
ing effect at attractive interaction potentials leads to a much
stronger immobilization of the diffusing particle than does
the trapping effect at repulsive interaction potentials.
Trapping and sticking can be observed in Fig. 1, where
the simulation box and 2000 particle position snapshots
are depicted for the case of attractive and repulsive interac-
tion. The position snapshots, indicated by small spheres,
were recorded at a potential strength of U0 ¼ 55 kBT, an
interaction range of k¼ 0.3 b and an effective particle diam-
eter of p¼ 0.1 b. The corresponding relative diffusivities for
these sets of parameters can be found on the k¼ 0.3 b line in
Fig. 6. In the attractive case, the particle is essentially
confined to a relatively small space around a corner of the
simulation box. In the repulsive case, where particle and
rod have the same charge, particles are relatively evenly
distributed in the center of the simulation box. Only in close
proximity to the rods are hardly any particles observed.
Another trait of themodel (see Fig. 6) is that in the repulsive
regime (U0> 0), the diffusivity is most affected by changing
U0when the range is k¼ 0.3 b. At larger ranges, the differenceBiophysical Journal 108(3) 530–539in electrostatic potential between the center of the box and
the sides of the box decreases, i.e., the potential barrier the
particle has to overcome to move between adjacent boxes
decreases, and thus, the particle diffuses more rapidly. At
smaller k, the particle is less strongly immobilized, since it
spends more time outside the range of the electrostatic poly-
mer chain potentials, Ue, where it diffuses freely.Comparison of simulation and experiments
Since Alexa488 has a net negative charge, the diffusion of
Alexa488 particles in positively charged dextran(þ) can be
compared to simulated particle diffusion in an attractive po-
tential (i.e.,U0< 0). Equivalently, the diffusion of Alexa488
in dextran() can be compared to the simulation results with
a repulsive potential (U0 > 0). To do this, the interaction
range, k, needs to be converted to an ion concentration,
CIon, by use of Eq. 11. Furthermore, we need to gauge the
simulation parameters p, the particle size, and b, the mesh
size. There are, to our knowledge, no definitive experimental
data on the mesh size of a dextran hydrogel. Hence, we chose
the particle diameter to be p¼ 0.1 b in relative units and p¼
2.3 nm in absolute units. This value corresponds to the added
widths of an Alexa488 molecule (1.5 nm), a dextran mono-
mer (0.4 nm), and a water hydration layer (0.4 nm) that ac-
counts for hydration effects on Alexa488 and dextran (45).
Hence, we arrive at an approximated mesh size of b ¼
23 nm which is of the same order as previously reported es-
timations for the dextran mesh size (46,47).
Fig. 7 shows a comparison between simulation and exper-
imental data. Experimental data from FCSmeasurements are
indicated by unconnected solid symbols and the simulation
data by connected points, with lines included as a guide to
the eye. One can see that the simulation data and the experi-
mental data are in good agreement. With an attractive poten-
tial of strength U0 ¼ 8 kBT, the theoretical model is in
quantitative agreement with our experimental results for
negatively charged Alexa488 in dextran(þ). At low ionic
strength, the attractive force dominates, greatly reducing
diffusivity. As ion concentration increases, these attractive
interactions are screened and the diffusivity increases up to
a saturation point at ~125 mM ion concentration, where the
diffusivity approaches that of the repulsive interaction data.
To draw a similar comparison to the repulsive case of
Alexa488 in negative dextran, we note that dextran() has
approximately one negative charge per five glucoses,
whereas dextran(þ) has one positive amine group per three
glucoses. This difference in charge density implies that the
interaction potential strength should be taken as smaller for
the repulsive case. To approximate this, we set the potential
strength in the repulsive case to Uo¼þ5 kBT, which closely
reproduces the experimental ratio of charge densities in the
attractive and repulsive cases. In Fig. 7, it can be seen that
the simulation and experimental data agree except toward
the smaller ion concentrations. Whereas D/D0 remains
FIGURE 7 Comparison between experimental results (unconnected solid
symbols) and simulation (connected points). The diffusivity is shown over
the total added ion concentration including the 10mMdue to theMES buffer
and another 6 mM and 10 mM to take into account the ionic strength of the
mobile ions that enter the solution upon addition of 1 wt % dextran() and
dextran(þ), respectively. Data were scaled by Duncharged, the diffusion coef-
ficient measured at 1 wt % in the uncharged dextran solution of comparable
molecular mass (D20 or D500). Simulations have been carried out at attrac-
tive (U0 ¼ 8kBT) and repulsive potentials (U0 ¼ 5kBT) for particles of
diameter p ¼ 0.1b ¼ 2.3 nm. Quantitative agreement between experiment
and theory is observed. To see this figure in color, go online.
Transport through Hydrogels Is Charge Asymmetric 537constant with decreasing CIon in the experimental data, it de-
creases slightly in the simulation data. The discrepancy could
be caused by residual attractive hydrophobic or hydrogen-
bonding interactions between the probe molecule and the
polymer chain that cancel the repulsive charge interactions
or by polymer flexibility, which is not included in the simu-
lation model.CONCLUSIONS
The aim of this work was to examine nanoparticle diffusion
in cross-linked hydrogels under consideration of nonsteric
interactions between particle and hydrogel both experimen-
tally and theoretically. FCS is a reliable tool for measuring
diffusion of probe molecules in polymeric solutions. Trans-
port properties of probe molecules in charged and un-
charged gels was examined and compared to a simple
theoretical model implementing a rigid, cubic periodic lat-
tice designed to model the hydrogel structure and short-
range nonsteric interactions via an exponential potential
between hydrogel polymer chains and diffusing particles.
This model made it possible to perform BD simulations to
examine key parameters in our system, including particle
size, interaction strength, and interaction range. We found,
both experimentally and theoretically, that the filtering
capability of a hydrogel is strongly influenced by the sign
of the interaction potential. Using a reconstituted model
polymer system, we have shown that electrostatic interac-
tions play an important role in governing the transport of
charged probemolecules within charged hydrogels in a high-
ly asymmetric fashion. This asymmetry with respect tocharge is consistent with naturally occurring systems where
the sign of the charge is significant in dictating the successful
transport of molecules of interest through biogels (4,5).
Attractive electrostatic forces between probe and network
are much more effective than repulsive forces in hindering
particle diffusion. In vivo, these particle-network interac-
tions are likely to be significantly more complicated and
are expected to depend on particle size, charge density, local
charge distribution, and other factors, as has been suggested
previously based on experiments of micron-size particles
and charged peptides in reconstituted hydrogels
(8,10,29,48). Using a simple lattice model to perform BD
simulations, we find quantitative near agreement between
simulations and the experimentally determined diffusion of
probe molecules in model charge networks. Our simulations
reveal that the asymmetry between attractive and repulsive
electrostatic interactions is due to the efficient sticking of
particles to the vertices of the polymer network in the case
of an opposite charge between particle and network. These
results are also consistent with experiments on natural hy-
drogel networks, where nature appears to use this charge
asymmetry to filter and control the exchange of molecules
between organelles and cells and their environments.
One limitation of our model is the rigidity of the network
compared to the experimental hydrogel systems. Simulations
predict a smaller but visible decrease in particle transport for
similar charged probe-and-network systems that was not
observed experimentally. A possible explanation for this is
that a flexible network, unlike a rigid network, would allow
the chains to bend away from the diffusing particle, thus
reducing the effect on probe diffusion. The inclusion of flex-
ible polymer chainswill be addressed in futurework, although
we note that considerably longer simulation times will be
necessary, making it more difficult to span the complete
parameter space of such a more complex model. Previous ex-
periments on the ECM,mucins, and the nuclear pore complex
have shown significant differences in particle penetration de-
pending on charge, and suggested electrostatic charge may
enhance diffusion in biological hydrogels (4,5,8,29,34). Our
data suggest that electrostatics alone will not enhance diffu-
sion through the network, indicating that charge-charge inter-
actions are only part of the story for interaction filtering
processes. To further refine our model, other nonelectrostatic
interactions, including hydrodynamic and hydrophobic inter-
actions, need to be included. Tuning these nonsteric interac-
tions to control particle transport inside hydrogels may lead
to greater understanding of molecular transport in vivo, as
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